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ABSTRACT: Direct coupling of electronic excitations of optical energy via plasmon hv 
resonances opens the door to improving gain and selectivity in various optoelectronic 


applications. We report a new device structure and working mechanisms for plasmon 
resonance energy detection and electric conversion based on a thin film transistor device 
with a metal nanostructure incorporated in it. This plasmon field effect transistor collects 
the plasmonically induced hot electrons from the physically isolated metal nanostructures. 
These hot electrons contribute to the amplification of the drain current. The internal 
electric field and quantum tunneling effect at the metal—semiconductor junction enable 
highly efficient hot electron collection and amplification. Combined with the versatility of 
plasmonic nanostructures in wavelength tunability, this device architecture offers an 
ultrawide spectral range that can be used in various applications. 
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ecent advances in nanotechnology have made subwave- 

length nanostructures a reality and various nanomaterials, 
fabrication techniques, and characterization methods have been 
utilized to successfully demonstrate plasmonic effects in a 
myriad of applications such as metamaterials,'~* photovoltaic 
devices,” spectroscopy,” '* localized heat generation for 
medical therapy, `" quantum optics,”’*'” and plasmonic 
circuits.” One of the key functions for the use of the 
plasmonic effect is an efficient conversion of plasmon energy to 
an electrical signal or vice versa. A metal—semiconductor 
junction structure enables plasmonic energy detection as a form 
of electrical current.°** Photons absorbed in a metal 
nanostructure generate hot electrons and the electrons can 
cross by thermionic diffusion at the boundary between metal 
and semiconductor resulting in photocurrent or energy band 
modification in semiconductors. ’~** There have been various 
types of plasmonic energy detection using diode or transistor 
structures. However, these detectors are limited by low 
quantum efficiency due to low absorption in the thin metal 
structure and inefficient hot electron diffusion from metal to 
semiconductor.° ~*°**° Recently, Li et al. have reported 
significant improvement regarding the responsivity of hot 
electron detection. A perfect absorber with novel nano 
geometry enables photoresponsivity to jump up to several 
mA/W from the conventional detection range of a few tens to 
100 wA/W.*’ Here, we achieved drastic increase of photo 
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responsivity in the order of A/W with plasmon energy 
amplification. * 

We report a device, plasmon—field-effect transistor (FET), 
and working mechanisms for plasmon resonance energy 
detection and simultaneous amplification process. The 
plasmon—FET collects plasmonically induced hot electrons 
from the metal nanostructures, and these hot electrons 
contribute to the amplification of the drain current by 
modulating the channel conductivity. Moreover, the gate 
voltage bias controlled internal electric field and quantum 
tunneling effect at the metal—semiconductor junction enable 
efficient hot electron collection and amplification. We achieved 
more than 3 A/W of responsivity at the peak wavelength of 
plasmonic absorption, and it is the first demonstration of a 
plasmonic detector with a controlled amplification function. 
The unique design of the plasmon—FET provides several 
advantages such as physical separation between plasmonic 
nanostructures and the electrodes, highly efficient amplification 
of detected plasmon energy, and detection capability of lower 
energy photons using a quantum tunneling mechanism. 
Therefore, the plasmon—FET holds great promise in many 
applications such as a bridge device between photonics and 
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Figure 1. Plasmon FET for highly efficient plasmon energy detection. (a) Illustration of plasmon FET structure and operational principle of plasmon 
FET under light illumination. The plasmon-induced hot electrons migrate from gold nanostructure to ZnO channel and increase channel 
conductivity and drain current. (b) Picture of the fabricated device: optical microscope image (top) and scanning electron microscopy (SEM) image 
of ZnO channel with gold NPs (bottom).The scale bar in the SEM picture is 80 nm. 


electronics, highly sensitive chemical/biological sensors, and 
detectors for UV to IR spectral response. 

The plasmon—FET is fabricated using a ZnO thin film FET 
structure, as shown in Figure la. A heavily doped n-type Si 
substrate serves as a back gate and an n-type ZnO film 
deposited on thermally grown SiO, serves as an active 
semiconductor channel. Prior to incorporating the gold 
nanostructures, electrical characterization is carried out for all 
fabricated ZnO FET devices. The plasmonic energy detection 
capability is added by incorporating gold nanoparticles (NPs) 
on the active ZnO channel of the FET. As confirmed by SEM 
image in Figure 1b and atomic force microscopy (AFM) study 
(see page 9 of the Supporting Information), the gold NPs are 
physically isolated from all three electrodes, which allows great 
flexibility on the design of functional nanostructure. Fur- 
thermore, gold NPs can be exposed to an aqueous solution with 
proper passivation on drain and source electrodes. This is one 
of the advantages of plasmon FETs for sensor application for 
liquid samples. On the basis of the work function difference 
between gold and n-type ZnO, it is expected that a Schottky 
barrier is formed with around 0.6—0.7 eV of barrier height (see 
page 10 of the Supporting Information). Thus, the generated 
hot electrons with higher energy than this Schottky barrier can 
thermionically diffuse from gold NPs to the ZnO layer. In 
terms of optical properties, the gold NPs with 5—10 nm in 
radius exhibit strong plasmonic absorption around a wavelength 
of ~520 nm.” This absorption peak depends on the dielectric 
constant of the host material surrounding gold NPs and on the 
shape and size of NPs. In order to avoid overlap of the 
absorption spectrum, we choose ZnO for the FET channel 
material. We confirm that the bandgap of 250 nm thick ZnO 
thin film is 3.3 eV and shows almost zero absorbance 
(<0.001%) at the spectral range between 450 to 1100 nm. 
Thus, it is expected that there will be no optical response in the 
drain current under illumination at any visible wavelength. 

As discussed earlier, the plasmonic absorption generates hot 
electrons in gold NPs and these energetic hot electrons can 
migrate across the Schottky barrier and diffuse to the ZnO film 
(Figure 1a). Consequently, this process supplies more electrons 
in the ZnO channel, resulting in increased channel conductivity 
and drain current (I4). Because the number of migrated hot 


electrons depends on the plasmonic absorption of gold NPs, 
the expected drain current response as a function of wavelength 
should be matched with the absorption spectrum of gold NPs. 
Therefore, the plasmon—FET converts localized surface 
plasmon energy to electrical charges and their flow. 
Furthermore, plasmon energy was amplified with gate voltage 
bias, facilitating quantum tunneling of electrons from gold NPs 
into the ZnO channel. 

To confirm the working principle, we carried out a set of 
optical and electrical measurement using three different 
samples: a gold NPs deposited glass substrate, a FET without 
gold NPs, and a gold NPs incorporated plasmon—FET. These 
samples were fabricated using identical fabrication processes. 
First, the plasmonic absorbance of gold NPs on a glass 
substrate was measured. Next, we carried out an experiment by 
manipulating the refractive index surrounding the gold 
nanoparticles using 3-mercaptopropionic acid (MPA). 3-MPA 
has a higher refractive index than air (n = 1.492) and binds well 
with the gold surface due to the thiol(—SH)-terminated 
structure. The 3-MPA coating increases the average refractive 
index for surrounding matrix on gold NPs and consequently 
induces a red shift in the plasmonic absorption spectrum, which 
is displayed in Figure 2a (see page 2 of the Supporting 
Information). The same functionalization procedure was used 
to change the refractive index of surrounding media of the gold 
NPs in the plasmon—FET. The control FET device without 
gold NPs did not produce any photocurrent, whereas the 
plasmon—FET has a well matched spectral response with the 
plasmonic absorption of gold NPs, as shown in Figure 2b. In 
addition, simulation based on a finite differential time domain 
(FDTD) supports this measured spectral response (see Figure 
S3 of the Supporting Information). We also observed a slight 
change of spectral response when the incident angle of the light 
was changed because of the semispherical shape of the gold 
nanoparticles (see Figure S4 of the Supporting Information). 
The slight discrepancy of the wavelength of the absorption 
peaks between the glass substrate and plasmon—FET is due to 
the difference in refractive index of ZnO film where the gold 
nanoparticles are self-assembled. These results show that the 
plasmon—FET enables direct conversion of the absorbed 
plasmon resonance energy from the gold NPs. Additionally, 
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Figure 2. Optoelectrical properties of the plasmon FET. (a) 
Absorption spectra of bare gold nanoparticles and 3-MPA coated 
gold nanoparticles. The nanoparticles are deposited on a glass 
substrate. (b) Spectral response of the plasmon FET: the spectral 
responses are taken from a FET without gold NPs, after gold NP 
incorporation and after 3-MPA molecule attached on gold NPs. The 
spectral responses of plasmon FET were recorded at each condition 
using the same device. 


we note that the refractive index change associated with the 
small molecule functionalization on the gold nanoparticles 
altered its spectral response, opening up opportunities for an 
integrated plasmon based biological or chemical sensing 
platform. 

One of the most exiting properties of the plasmon—FET is 
the amplification of plasmon detection, which is not reported 
elsewhere. We demonstrated amplified plasmonic spectral 
response from the plasmon—FET using gold NPs. The spectral 
response (A/W) as a function of wavelength depends on the 
gate voltage bias as shown in Figure 3a. Under the saturation 
mode operation of the plasmon FET, the spectral responsivity 
reached higher than 3 A/W. (The converted external quantum 
efficiency with gain mechanism is shown in Figure S12.) 
However, the plasmon FET has a very poor spectral response 
(less than 0.01) when there was no gate voltage applied as 
shown in Figure 3b. Without gate bias voltage, the induced 
plasmonic hot electrons can be transferred to semiconductor, 
but this mechanism has a very low quantum efficiency because 
only diffusion process is involved. We also confirmed that there 
is no observable plasmonic response when the opposite 
electrical potential (negative gate bias) was applied (see Figure 
SS of the Supporting Information). This efficient amplification 


Gate Bias 
= Pt li —ə— Vg=20V 
a aa. —ə— Vg=16V 
os a» —@Vg=12V 
Q a —@— Vg=8V 
i —@— Vg=4V 
O 2 Foo 
(oN 500 550 600 650 700 g 
T Wavelength [nm] 
® 
ow 
© 1 
hed 
(S) 
® 
a 

0 a 

0.010 

= Drain-Source bias 
—?2— Vds=0V 

0.008 F _ 9 yds=10V 
@ —2— Vds=30V 
~ 
cC 0.006 
O 
Q. 
N) 
® 0.004 
aa 
© 
į 0.002 
O 
Q 
Q 
Y) 0.000 





400 450 500 550 600 650 700 
Wavelength[nm] (b) 


Figure 3. Spectral response (A/W) of the plasmon FET. (a) Under 
different gate voltage bias conditions. The inset shows the absorption 
spectrum of gold NPs a ZnO film/glass substrate (the drain—source 
bias voltage is 20 V). The converted external quantum efficiency with 
amplification is shown in Figure S12. (b) Spectral response as a 
function of drain—source voltage under a zero gate voltage bias. 


and gate bias controlled response can be explained by an energy 
band model. Without gate voltage bias as shown in Figure 4a, 
the plasmon induced hot electrons can migrate only with 
diffusion once they have high enough energy to overcome the 
Schottky barrier (process © in Figure 4a,b).°'~°° These diffused 
hot electrons could be collected by the electric field across the 
drain and source as a drift current. (Iqua = GE, where o is the 
conductivity of ZnO channel and E is electric field.) The 
stronger electric field produced by the drain—source voltage 
bias can increase the drift current (Figure 3b). When positive 
gate voltage is applied to the plasmon—FET, electron 
accumulation layer (n-channel) is formed inside ZnO in the 
vicinity of the SiO, layer. The spatial difference of electron 
density generates a large potential gradient from the floating 
ground (metal nanostructure) to electron accumulation region 
as illustrated in Figure 4b. This internal electric field created by 
the gate bias facilitates electrons to move to the other boundary 
where the FET channel is located (process © in Figure 4b). 
The migrated hot electrons are seized by the gate voltage, 
consequently contributing to channel enhancement and 
allowing more drain current to flow (process ® in Figure 
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Figure 4. Gate voltage dependent ZnO energy band bending of a 
plasmon FET and amplification mechanism. (a) Thermionic diffusion 
without gate bias. (b) Internal field assisted hot electron migration and 
quantum tunneling at the Schottky junction with gate voltage bias. (c) 
Measured Drain current from plasmon FETs with various thickness of 
HfO, film between gold and ZnO layer. Each data point is taken from 
the peaks of the spectral responses. 


4b). Therefore, the collected drain current is proportional to 
the plasmonic absorption from the gold nanostructure, but is 
not saturated due to the limited number of hot electrons 
generated in the metal. It should be noted that the free 
electrons in the gold nanostructure were not depleted after long 
time exposure to the light. (see Figure S6 of the Supporting 
Information) This could indicate that there is a restoring force 
to recharge electrons back in gold NPs because nanoparticles 
are attached to the ZnO surface, which has an electric field by 
drain—source voltage bias at their boundary. In the Supporting 
Information, we discussed more details about the restoring 
force based on findings from our empirical studies. However, 
further investigation is needed to understand how fast and 
efficiently the gold NPs restore the electrons under the complex 
device structure and internal field conditions. Furthermore, the 
importance of gate bias assisted hot electron accumulation has 


been studied using devices with different ZnO channel 
thicknesses, and it shows that a stronger electric field is 
important for efficient plasmon energy detection (see Figure 
S10 of the Supporting Information). We calculated the 
efficiency of hot electron contribution to the increased drain 
current. Interestingly, this internal quantum efficiency varies 
from 5% to 17% when the applied gate voltage bias is increased 
from 4 to 20 V, respectively (see Figure S8 of the Supporting 
Information). This is a unique property of the plasmon FET 
since the light absorption occurs outside of the semiconductor 
channel. Under the 20 V bias for both gate and drain—source in 
Figure 3a, the number of hot electrons contributed to the drain 
current is 8.6 X 10°, whereas the number of absorbed photons 
is 5.05 X 10° at 580 nm. Therefore, assuming we have 20 nm 
gold NPs, each gold NP generates 72 contributing hot electrons 
to the amplified drain current (see page 7 of the Supporting 
Information). When gate bias is applied, there is another 
interesting hot electron migration mechanism, which is a 
quantum tunneling process through the thin Schottky barrier 
(process © in Figure 4a,b). The modified potential from the 
positive gate bias creates not only a drift field to facilitate hot 
electron migration but also a thin enough Schottky barrier to 
allow electron tunneling from gold NPs to ZnO channel. 

In order to confirm this tunneling mechanism, we 
manipulated the thickness of tunnel barrier by introducing 
different thickness of insulator (HfO,-layer with 5—30 A) at the 
Schottky junction (between gold and ZnO). Generally, a 
barrier thinner than 10—30 A induce tunneling of elec- 
#0742 Otherwise, only thermionic injection of electrons 
is allowed over the barrier. Plasmon FETs with the insulating 
layer with 5—10 A of HfO, thickness also show similar drain 
current amplification as a function of gate voltage bias, as 
shown in Figure 4c. However, drain current was drastically 
suppressed with a thick barrier (15—30 A thick HfO,) 
compared with a thin barrier (5—10 A). Depending on an 
overall barrier thickness, Toveri = Tro, (fixed) + Tschottky 


(decreased with increasing gate bias), drain current was 
significantly changed at identical gate bias. The probability of 
quantum tunneling is an exponential function (T ~ e~7’", where 
T is the probability of tunneled electrons, y is wavenumber or 
absorption coefficient inside barrier and L is the barrier 
length?) The measured drain current was decreased 
exponentially as the HfO, thickness is increased. These results 
were well matched with the expectation of tunneling induced 
hot electron migration and confirmed that quantum tunneling 
is one of the mechanisms of hot electron migration from the 
metal nanostructures to the ZnO channel. Therefore, we can 
conclude that tunneling-assisted hot electron migration may 
enable a plasmon FET to detect photon energy that is below 
the Schottky barrier energy of 0.6—0.7 eV. 

In summary, we have successfully demonstrated a new device 
that enables highly efficient plasmon energy detection 
accompany with gate-bias controlled amplification process. 
Gate bias modifies energy band and facilitates efficient 
migration of plasmon induced hot electrons over and through 
the Schottky barrier. The internal field in the ZnO layer also 
allows efficient collection of these hot electrons to increase its 
channel conductivity and, consequently, drain current. The 
physically isolated nanostructures can be functionalized using 
chemicals or biological molecules for the bio/chemical sensor 
applications. In addition, the unique quantum tunneling at the 
Schottky junction enables to detect the electromagnetic wave 
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that is lower than Schottky barrier energy which would be 
useful in many applications such as imaging, plasmonic 
integrated circuits, and detection technology for UV to THz 
spectrum. 
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